In previous papers, we have described the ontogenetical development of thymic stromal-cell components (epithelium, macrophages, dendritic Also, the percentage of V/3TcR repertoire covered in adult thymus is reached during the postnatal period, being lower during the fetal life. Finally, in correlation with the beginning of thymocyte emigration to the periphery a new wave of T-cell maturation apparently occurs in the perinatal rat thymus.
INTRODUCTION
The development of the thymus gland is governed by mutual influences between the cell components of thymic stroma and lymphoid-cell progenitors that colonize the organ early during ontogeny. The rat thymic primordium is colonized around fetal day 14 by cell progenitors, the phenotype of which has not been clearly established although the expression on them of different cell markers has been reported 4981. E-mail: Zapata@eucmax.sim.ucm.es (Ritter et al., 1978; Paterson and Williams, 1987; Kampinga and Aspinall, 1990; Crook and Hunt, 1996) . Moreover, the existence, as reported in mice (Godfrey et al., 1993) , of cell subpopulations defined by the expression of CD44 and CD25 in the DN-cell compartment of rats is controversial. CD44, a molecule involved in the homing of cell precursors to mouse thymus has not been described in the rat thymic progenitors and the CD25 expression reported early in ontogeny throughout thymic parenchyma (Habu et al., 1985; Brocke et al., 1987) and, after birth, in the thymic medulla (Habu et al., 1985; Brocke et al., 1987; Kampinga and Aspinall, 1990) have not been associated with DN thymocytes, although IL-2-induced proliferation of rat DN cells has recently been reported (Gotlieb et al., 1993) .
The transition from DN-cell compartment to DP cell in Wistar rats is marked by the expression of the CD8 molecule, which allows an intermediate highly proliferative CD8+CD4 population (Paterson and Williams, 1987) , which in adult rats seems to weakly express the TcRcq3 (Hfinig et al., 1989a (Hfinig et al., , 1989b . On the other hand, the appearance of mature SP (CD4-CD8 and CD4+CD8 -) thymocytes around birth involves changes in the expression of some cell markers, such as CD45R (Kampinga and Aspinall, 1990) and Thy (Hosseinzadeh and Goldschneider, 1993) , which could be related to the emigration of first T lymphocytes to the periphery. Two other relevant events occur in the rat thymus during the perinatal period. As previously reported in mice, there is an important increase of thymic cellularity that could be associated with in situ increased proliferation (Ceredig, 1990; Lawetzky et al., 1991) and/or with the arrival at the organ of a second wave of Tcell precursors (Penit and Vasseur, 1989) . In addition, the CD4/CD8 cell ratio gradually changes during perinatal life to the adult condition. In mice, this phenomenon has been correlated with a distinct capability of the embryonic and adult T-cell precursors to differentiate (Adkins, 1991) and with the existence of different mechanisms of thymic selection in each period due to the presence or absence of TdT activity in adult or fetal precursor cells, respectively (Shortman and Wu, 1996) .
Despite this available evidence, a systematic analysis of the ontogenetical maturation of both the lymphoid and nonlymphoid cell populations of rat thymus is, to our knowledge, lacking, although Kampinga and Aspinall (1990) carried out an immunohistochemical study on rat thymus ontogeny and Htnig et al. (1989a) analyzed by flow cytometry the expression of some rat T-cell markers, including CD2, TcRcq3, and CD25 (IL-2Rc chain) in the last stages of fetal life. Previously, we studied the ontogeny of rat thymic stromal-cell components, including epithelial cells, dendritic cells, and macrophages (Vicente et al., 1994 (Vicente et al., , 1995 (Vicente et al., , 1996 . In the present study, we combine both immunohistochemistry and flow cytometry to analyze the appearance and differentiation of distinct rat T-cell subsets and /he influence of the thymic nonlymphoid cell microenvironments on these processes.
RESULTS

Evolution of Thymic-Cell Numbers During
Ontogeny
Between days 15-21 of embryonic life, the cell number exponentially increased in the thymus of Wistar rats. At birth, it remained constant, and from day 2 of postnatal life onwards, the rat thymus gland underwent a new exponential growth to reach the adult condition (Table I) (Table I ).
The Earliest Thymocytes
As previously reported (Vicente et al., 1996) , the first T-cell precursors reached the rat thymus anlage at days 13-14 of gestation. These progenitor cells expressed CD45, CD53, and CD43 antigens ( Figure  a) . On days 15-16, flow cytometry analysis showed In the following developmental stages, the percentage of both CD45 and CD43 cells remained constant, although the level of expression of both antigens varied (Figure l a) (Figure 3c ), and showed a high proliferative rate that accounted for the increased numbers of total cycling cells found in these developmental stages (Figure 3d ). This immature CD4-CD8 cell population preceded the appearance of CD4+CD8 double-positive (DP) and mature CD4-CD8+/CD4+CD8 single-positive (SP) cells, which occurred on fetal days 18-19 and 20-21, respectively ( Figure 3a ).
Expression of TcRcq3 on Thymocytes
The first TcRcq3-positive cells were immunohistologically identified scattered throughout the thymus on day 17, day before (day 18) that TcRcq3 surface expression was detected by flow cytometry (Table II) . ])TA ceil content FIGURE 3 (a) Evolution of rat thymocyte subpopulations defined according to CD4-and CD8-cell-marker expression. Thymocyte suspensions were prepared from embryonic, newborn, and adult thymuses, and analyzed for CD4 versus CD8 expression. Values represent the mean of over five independent tests. (b) CD8ce and/3-chain surface expression on the total thymocytes from 17-day-old embryonic rats. Note the existence at this stage of a numerically important CD8o+/3 cell subpopulation. (c) Expression of CD8 versus CD53 on thymocytes from 18-day-old embryonic rats. Percentages of the different subpopulations are included in the right top corner. (d) Three-color flow cytometry analysis of the total thymocytes from 18-day-old embryonic rats. CD4 versus CD8 expression is represented in the dot plot.
Percentage of the CD4-CD8 gated cells in S and G2 + M phases of the cell cycle after propidium iodide staining. Along with the high numbers of mature thymocytes occurring in the perinatal period, there was a transitional increase in both the absolute numbers and the proportion of CD4-CD8-cells (Figure 3a) (Figure 3a , Table  II ).
DISCUSSION
Rat thymus anlage is colonized by cell precursors around days 13-14 of gestation (Vicente et al., 1996) . These cells largely expressed CD45, CD43, and CD53 antigens. A similar phenotype has recently been described in cell progenitors from early fetal rat liver (Crook and Hunt, 1996) , suggesting that cells reaching the rat thymic rudiment could already express these cell markers. The expression of high-Mr isoform of the leukocyte common antigen (CD45) has been demonstrated in adult human (Deans et al., 1991) , mouse (Goff et.al., 1990) , and rat (Law et expression on them of MHC class I and class II molecules, and the acquisition of first specific cortical-and medullary epithelial-cell markers (Vicente et al., 1996) . Other authors have emphasized the relevance of cell-progenitor colonization for inducing growth and differentiation of the thymic epithelium (Haynes and Heinly, 1995) . On the other hand, the interactions between developing epithelial cells and T-cell precursors presumably induce the proliferation of the latter, the appearance of a pre-TcR, the expression of CD8ce and then CD8/3 chain, and, finally, the progression to the DP stage. Meanwhile, surface-cell markers strongly expressed on TN cells, such as CD43, CD53, CD45R, and CD25 are totally or partially lost. (Godfrey et al., 1993) . This could suggest that fetal thymocytes may follow different kinetics of maturation than adult ones, as previously pointed out in fetal mice (Andjelic et al., 1993 ).
In mice, previous results have shown that TcR/3 gene rearrangement is necessary for the progression from DN-to DP-cell compartment (Levelt and Eichmann, 1995 (Park and Htinig, 1995) , we propose that the R.73 DN-cell subpopulation could correspond to immature CD4-CD8-cells bearing a TcR/3 chain, as also reported in adult and fetal immature mouse thymocytes (Groettrup et al., 1993; Wilson and MacDonald, 1995) . Moreover, the mature DN-cell subset, which expresses intermediate levels of TcRce/3, does not appear in the embryonic thymus, being only detectable after birth (our own results, Fowlkes et al., 1987) .
As in human thymus (Haynes and Heinly, 1995) , CD8ce chain is expressed earlier than CD8/3 chain in fetal rat thymus. In fact, rat CD4-CD8--cell subpopulations progress to the CD4/CD8 stage through an intermediate CD4-CD8 cell that appears for the first time on day 17 of gestation. This cell subpopulation represents less than 2% of total thymocytes in adult rats (Paterson and Williams, 1987) , whereas in fetal days 17-18 it, represents 40-50% of total thymic cells. Furthermore, in adult rats, immature CD4-CD8 thymocytes can be distinguished from mature CD8 cells by the lack of OX44 expression (Paterson and Williams, 1987) . In contrast, in the fetal thymus, the loss of OX44 expression does not occur until the DP stage. The physiological relevance of this phenotypical difference is currently unknown. In addition, CD4-CD8 cells show a high proliferative rate in any condition analyzed (our own results; Paterson and Williams, 1987; Penit and Vasseur, 1989) suggesting that this intermediate-cell subset significantly contributes to the exponential growth of early rat thymus.
Despite their high proliferative rate, CD4-CD8 immature cells have an extremely limited lifespan, quickly progressing to DP cells, which, thus, on fetal days 19-20 constitute the major thymic cell subpopulation. Their appearance involves the fully maturation of thymic epithelial cells, the histological differentiation of a thymic cortex and the increase of both expression and number of MHC class I and class II positive cells (days 18-19) (Vicente et al., 1996) .
The upregulation of TcRce/3/CD3 complex in the DP cells and the strong expression of MHC molecules on both epithelial cells and dendritic cells (Vicente et al., 1994 (Vicente et al., , 1996 allow the intrathymic thymocyte selection. Nonselected apoptotic cells are eliminated by thymic macrophages, which mature in the last days of fetal life (Vicente et al., 1995) .
Positively selected CD4/CD8 cells produce the first mature SP thymocytes that accumulate in the central area of the organ defining the thymic medulla around day 20 of gestation. The analysis of rat SP thymocytes in both perinatal and adult conditions showed important differences. In agreement with previous reports (Ceredig, 1990 ), we detected a high incidence of perinatal TcRce/ hi thymocytes in S + G2 + M phases, whereas adult mature thymocytes showed a low cycling activity. This increased intrathymic proliferation of mature thymocytes could play an important role in providing a sufficiently large number of T lymphocytes leaving the thymus to colonize the peripheral lymphoid organs during the perinatal period. Accordingly, in the neonatal mouse thymus, the proportion of thymic emigrants is higher than in the adult thymus (Weissman, 1967) . Moreover, as demonstrated in mice (Modigliani et al., 1994) , the low proliferative rate of peripheral T cells in the neonatal period implies that in those stages, the peripheral expansion of T lymphocytes is basically a consequence of the increased thymic-cell emigration. The nature of the signal(s) promoting the increased thymocyte proliferation in perinatal thymus is yet unknown. Ceredig and Waltzinger (1990) (Varas et al., 1997a (Varas et al., , 1997b .
In correlation with the beginning of thymocyte emigration to the periphery, a new wave of T-cell maturation occurs in the perinatal rat thymus, a fact previously described in mice (Penit and Vasseur, 1989 hi thymocytes showed the greatest expansion (7.5 times). V/98.2-and Vj316TcRhi-cell subsets increased in a lesser extent (6.1 and 5.8 times, respectively). Presumably, the distinct expansion of these mature T-cell subsets is correlated with differential responses to cytokines, for which they express specific receptors, as previously pointed out in humans (He and Kabelitz, 1993) . This selective response has been recently confirmed by us in either IL-2-or IL-7-treated rat FTOC (Varas et al., 1997a (Varas et al., , 1997b .
On the other hand, as previously reported (Adkins, 1991) , during fetal development, fewer mature CD4 than CD8 T cells are produced. In contrast, in both postnatal and adult thymus, the frequency of CD4 cells is higher. Adkins and Hamilton (1994) explained that the proportions of CD4 cells would be regulated by a combination of the developmental ages of the Tcell precursors and the thymic stromal environment. Accordingly, during ontogeny, a unique communication system could operate between fetal thymic stroma and fetal progenitors, which would generate the decreased CD4/CD8 ratio. Recently, Shortman and Wu (1996) 
